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With the advances in wireless technologies, there has been tremendous increase in user demand for resource-
intensive mobile Internet services. This has been coupled with the limited capabilities of mobile devices and the
high level of user expectations in terms of both quality of experience (QoE) and cost. An attractive enhancement
technique is to utilize the co-existence of multiple interfaces in wireless devices to connect simultaneously to
different access networks including cooperation over device-to-device (D2D) links. To this end, we present in this

QoE . . ) s s . -
D2D communication work optimized user-centric traffic splitting strategies in heterogeneous networks to achieve a high QoE level
Multi-RAT for video on demand applications with low cost and energy consumption for end users. We formulate a multi-

objective optimization problem considering different pricing models with prediction whereby a user can estimate
the links’ performance for future time slots and make suitable decisions accordingly. We evaluate the proposed
strategies and demonstrate their effectiveness using parameters determined via experimental measurements to
provide an evaluation under realistic operational conditions. Results provide useful insights on the tradeoffs
between energy consumption, cost and quality of experience.

1. Introduction

The vision towards future wireless networks is to optimize resource
allocation by allowing the dynamic utilization of spectrum and multiple
access technologies in heterogeneous networks (HetNets) to meet the
tremendous traffic demands [1]. As shown in Fig. 1, HetNets include
macro cells served by base stations (BS) covering large coverage areas,
and small cells served by low-power access nodes or mobile terminals
for device-to-device (D2D) cooperation to increase capacity in hotspots
with high user demand and to fill in areas with weak coverage. These
lead to heterogeneous network deployments which require mobile de-
vices to function under seamless operation over multiple wireless in-
terfaces simultaneously. HetNets bring several technical challenges due
to the presence of multi-radio access technologies (RATs), and the de-
centralized deployment in licensed and unlicensed spectrum. Resources
should be allocated to maximize system performance, while minimiz-
ing transmission cost and energy consumption. In addition, decisions
need to adapt to the fast variation of the environment in terms of users’
interface availability and channel conditions [2,3].

In conventional networks, a mobile device can use one wireless in-
terface at a time to download data, which is denoted as network se-

lection [4-10]. Network selection allows moderate enhancements in
terms of throughput while keeping energy consumption and cost low.
In general, mobile devices tend to switch to WiFi aiming at reducing
the cost of using cellular networks. Some new smartphones introduced
auto-switching between WiFi and cellular data networks to avoid poor
and unstable WiFi connections. The utilization of multiple wireless in-
terfaces simultaneously, which is denoted as traffic splitting, achieves
higher throughput and quality of experience with a trade off in terms
of cost and energy consumption [11-17]. The traffic splitting heuristic
approach proposed in our previous work [18] demonstrated potential
gains that could be further enhanced by optimal solutions. This mo-
tivates the development of enhancement techniques that can balance
between cost, energy consumption and user experience.

In this work, we address user-centric real-time optimal traffic split-
ting in D2D heterogeneous networks to provide the user with a trade-
off between cost, energy consumption and user experience while using
video on demand streaming applications. The main contributions are
summarized as follows:

1. We address the general traffic splitting problem aiming at mini-
mizing the cost and energy consumption while keeping the user
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satisfaction high. We focus on user-centric traffic splitting deci-
sions in D2D cooperative HetNets where a user can download
data not only from existing wireless networks (such as 4G/5G
cellular or WiFi), but also from peer devices over D2D links. We
allow the proposed approach to function in the background at
the user side without any intervention from the network or the
server, and without performing any changes to the technologies
standards. We formulate a multi-objective optimization problem
to capture cost-energy-QoE tradeoffs as a function of the dynamic
variation of various system and channel parameters. We aimed
at maintaining a target user satisfaction and quality level by sat-
isfying a minimum buffering time requirement and minimizing
the stalling events while using on demand video streaming appli-
cations. The problem is a mixed-integer non-linear program. To
solve the problem and reduce its complexity, we transformed the
problem into a mixed-integer linear program.

2. We consider different cost models including usage-based and
tiered pricing. We assume cooperative pricing, which considers
smart data pricing mechanisms that do not only rely on simple
byte-counting schemes, but also include remaining data budget
and subscription plan dynamic pricing.

3. We decide on the best download strategy considering an estima-
tion of the dynamic system parameters variation for the next few
time slots to achieve higher performance gains. Our proposed
model does not only provide the user with the best performance
at discrete time sample points, represented by time slots, it also
estimates the network performance for multiple time slots ahead
and makes decisions accordingly. We consider transmission rate
estimation and overall performance of every interface for the next
N time slots in our optimization problem formulation to decide
on behalf of the user on the amount of data packets to be down-
loaded. Considering transmission rate estimation for the next few
time slots will allow the user to defer the transmission at a given
time slots, to another futuristic time slots where the performance
of the network is better, hereby, reducing the cost and energy
consumption while maintaining a target quality of experience.

This paper is organized as follows. Related work is presented in
Section 2. The system model is presented in Section 3. The optimal traf-
fic splitting approach is detailed in Section 4. Performance results are
presented and explained in Section 5. Finally, conclusions are drawn in
Section 6.

2. Related work

In this section, we first survey recent literature addressing net-
work selection and traffic splitting in heterogeneous networks and then
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Fig. 1. Heterogeneous networks formed by
macro cells, small cells and WiFi hotspots,
allowing the users to communicate through
one or multiple wireless interfaces includ-
ing D2D cooperation.

present existing related work that considers monetary cost in traffic of-
floading decisions.

2.1. Network selection and traffic splitting

There has been rich literature leveraging the benefits of multiple ac-
cess networks for improved user experience and network performance.
This literature can be broadly classified into network selection and traf-
fic splitting, where the former selects a single network to be used by one
user at a time and the former allows simultaneous use of multiple net-
works. Considering network selection, the authors in [4] modeled the
problem as a repeated stochastic game and solved it using Lyapunov
optimization algorithm to select one access network for each user at
one time while maintaining a balanced load among the different access
networks. The work in [5] proposed joint cell activation and selection
mechanism to mitigate high energy consumption and network interfer-
ence caused due to the dense existence of small cells in ultra-dense het-
erogeneous networks. Another related work on network selection con-
sidered a centralized resource manager to efficiently and fairly utilize
the limited radio resources of available wireless networks [6]. In this
context, the authors handled the problem of radio access network selec-
tion by modeling it using Semi Markovian Decision Process for sequen-
tial decision making. The authors in[7] used machine learning and game
theory for online and offline user-centric network selection aiming at re-
ducing the number of frequent switching, increasing the possibility of
gainful switching, boosting user experience, and improving resource uti-
lization. In [8], the authors proposed a hybrid unicast-multicast utility-
based network selection algorithm aiming at minimizing outage per-
centage and energy consumption while increasing average quality of
video data delivery in dense heterogeneous networks. In [9], the authors
proposed an exponential utility function based on aggregate additive
and multiplicative multi-criteria utility functions for network selection
in heterogeneous networks. The authors is [10,11] aimed at enhanc-
ing video streaming quality of experience by considering network selec-
tion and traffic splitting while adapting the video bit rate, respectively,
in HetNets. Regarding traffic splitting that concurrently delivers traffic
over multiple network interfaces, the work of [12] utilized dual con-
nectivity that allows one user equipment to simultaneously connect to a
macro cell and a small cell. The work minimized the overall experienced
delay by optimally splitting traffic over both connections. In [13], the
authors proposed device-centric mechanisms that simultaneously utilize
multiple wireless interfaces to provide optimized performance for data
downloading as well as video streaming. In addition, experimental re-
sults are conducted to demonstrate the effective and practical aspects of
the proposed methods. In [14], the authors devise dynamic traffic split-
ting techniques for video traffic over both WiFi and cellular links in a
way to optimize user experience while limiting energy consumption and
delay. In [15], the authors presented a mode selection technique includ-
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ing traffic splitting over WiFi and cellular networks using Technique for
Order Preference by Similarity to Ideal Solution (TOPSIS) considering
transmission rate capacity, delay and monetary cost tradeoff. The au-
thors in [16] proposed traffic splitting approach for proportional load
balancing across two radio access networks (LTE and Wi-Fi) aiming at
reducing delay while increasing average system throughput especially
at high density of users. Traffic splitting has also been explored in the
context of ultra-reliable low latency communication [17]. The authors
utilized interface diversity to improve the resulting reliability in trans-
mitting a given packet and studied the resulting tradeoff between relia-
bility and latency taking into account interfaces with failure correlation.

2.2. Price-aware traffic offloading

There have been few works that address the economical implication
of offloading from the perspective of either the network operator or the
user. The work in [19] considered data offloading between cellular and
WiFi networks and maximized user satisfaction represented in terms of
allocating required network resources and user’s sensitivity to data price
while minimizing the incurred benefit loss of both network operators.
In [20], the authors developed a network pricing model that can be
used by network operators to leverage the benefits of licensed and un-
licensed spectrum in handling the growing traffic demand between end
users and content providers, which demonstrated significant gains in
the payoff to all of network operators, content providers, and users. In
[21], the authors jointly addressed price-based interference control and
incentive-based offloading is modeled as a Stackelberg game and solved
to offer utility gains to both cellular and D2D users. The work in [22] in-
vestigated the impact of using social relations to increase the revenue of
wireless and social network operators. The problem of optimizing pric-
ing strategy is modeled using two-stage Stackelberg game with users
and coalition of operators as players. The authors in [23] optimized
the pricing mechanism among cooperating users in a wireless-powered
communication network where a user with better channel conditions
sell its excess harvested energy to upload information of another user.
In [24], the authors proposed a quality of service insured pricing strat-
egy for traffic offloading to jointly enhance D2D performance, pricing
and usersa decision-making while considering reference point, proba-
bility distortion and risk-aversion of D2D communication. The authors
in [25] proposed dynamic RAT selection and pricing considering multi-
ple traffic classes for serving different applications running at the user
equipment (UE) with proportionally fair ranking of the UEs and dynamic
policy selection scheme for polling the clients of the network. In [26],
the authors proposed a pre-scheduling traffic approach where requests
are managed with different deadlines based on network congestion in a
time-dependent pricing systems in order to the Internet service provider
to reduce network congestion and accommodate more bursty traffic.

To the best of our knowledge, none of the existing literature jointly
addressed the problem of traffic splitting among multiple wireless in-
terfaces, monetary cost of content streaming, energy consumption, and
quality requirement. The work in the literature either optimizes traf-
fic distribution among multiple interfaces to improve quality and en-
ergy consumption or uses network selection to reduce monetary cost.
In our work, we keep our problem general enough to accommodate the
simultaneous use of multiple network interfaces on one device as well as
device-to-device cooperation to guarantee a desired quality level while
minimizing the total network cost of streaming video content and result-
ing energy consumption. We capitalize on predicting network conditions
of the various available networks to further improve the expected gains
in cost and energy savings.

3. System model
We address traffic splitting in D2D cooperative heterogeneous net-

works where a user can use multiple wireless interfaces to download
data, either from the base stations (BSs) and access points (APs) over
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Fig. 2. D2D cooperative network formed by two cellular base stations, one WiFi
hotspot, one content owner mobile terminal, and other mobile terminals with
multiple wireless interfaces connections.

long range (LR) wireless technologies (such as WiFi, LTE, or 5G), or
from other mobile terminals (MT) using short range (SR) wireless tech-
nologies (such as LTE-Direct, WiFi-Direct, Bluetooth or WiFi).

As shown in the example scenario in Fig. 2, the network is formed
by BSs, WiFi hotspot, MTs and a content owner (CO) which is a mobile
terminal that has already the data content cached. A mobile device can
then use multiple wireless interfaces to download data simultaneously
from BSs, APs, COs and other peer mobile terminals while using video
on-demand streaming. The main aim is to reduce battery consumption
and monetary cost while maintaining low delay, and desired quality of
experience. We assume the availability of I wireless interfaces to down-
load data for on-demand video streaming with a specific video bit rate
R,. We assume the video is divided into packets with a fixed size of S,
bits. Every interface i is characterized by a transmission rate R;,, mon-
etary cost ¢;,, and energy consumption y;, at time slot t. As shown in
Fig. 2, a mobile terminal can download data using four (I = 4) different
interfaces simultaneously, (1) WiFi (i = 1), (2) cellular (i = 2), (3) Blue-
tooth (i = 3) from a peer master mobile terminal downloading its data
from a cellular base station, and (4) Bluetooth (i = 4) from a content
owner having the data cached. When using device-to-device commu-
nication, a mobile terminal can use SR connectivity to download the
desired data from (1) a content owner, or (2) a peer master device. In
the first case, MTO receives the data from the content owner (i = 4),
which has the data cached. Accordingly, the MT of interest can directly
download the data from the CO over SR connectivity such as Bluetooth
without using long range connectivity such as cellular technologies. The
content owner will not charge the MT for data transmission, however,
the transmit energy spent by the CO and the received energy spent by
the MT of interest for using SR connectivity are considered. In the sec-
ond case, MT downloads data from a peer master device (i = 3), which
does not have the data cached. Accordingly, the master device needs to
download the desired data using LR connectivity from a cellular base
station, and then forwards it to the MT of interest via SR connectivity
such as Bluetooth (i = 3). The monetary cost, the transmit and receive
energy consumed by the peer master mobile terminal are considered, in
addition to the energy consumed by the MT of interest for downloading
the data via SR connectivity. An application at the user end will decide
on the number of data packets D;, to be downloaded over each inter-
face i every time slot t with duration 7. In our work, the notion of time
slots is introduced to handle discretization of the real-time aspect of the
system and the operation of the proposed approach. It provides practical
feasibility to make decisions periodically every time slot based on data
collected and previous actions.

The video data downloaded is stored in the playing queue Q; every
time slot t. The player fetches video frames from the buffer at a con-
stant speed defined by the video bit rate R,. If the download bit rate
is lower than the video arrival rate, the playing buffer becomes empty,
and the user experiences stalling events. In this case, the player pauses,
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Fig. 3. Video traffic splitting over WiFi, cellular network and Bluetooth considering N = 3 time slots ahead.

Table 1
Main parameters and variables.

Parameters

1 Number of available interfaces

T Time slot duration

N Number of time slots for future prediction

R, Video bit rate

S, Packet size

T Minimum required of buffered video seconds

D, Minimum required of buffered video packets D, = [%]

i Interface index with ie[1, ..., I] ’

j Time slot index with j € [t,...t + N — 1]

R;; Estimated transmission rate at time slot j over interface i

S, Maximum allowed number of packets to be transmitted over interface i at time slot j
G; Maximum allowed number of packets to be transmitted over all interfaces I at time slot j
bij Monetary cost per data packet at time slot j over interface i

®,.x  Maximum monetary cost spent over N time slots

b; Monetary cost spent over interface i for N time slots

0] Total monetary cost spent over I interfaces for N time slots

Wi Energy consumption at time slot j over interface i

P; Power consumption for receiving over interface i

b g Total energy consumption over all interfaces for N time slots

W hax Maximum energy consumption over all interfaces for N time slots

Q; Number of packets buffered at time slot t

N; Number of packets needed to be downloaded to prevent stalling at time slot j
B; Total data budget allowed over interface i

B,, Remaining data budget over interface i at time slot t

Decision Variables

D;;

Number of packets to be downloaded over every interface i at every time slot j. D is a matrix of size Ix N

and the last received frame freezes and is displayed until the data for
the next frame is being downloaded, which leads to QoE level reduction.
Accordingly, we aim at maximizing the user satisfaction by minimizing
the stalling events, their length and frequency through satisfying a min-
imum buffering time T, while minimizing monetary cost and energy
consumption.

In our work, the decision takes into consideration the estimated per-
formance of the interfaces for the next N time slots in order to achieve
more significant performance gains in terms of energy consumption,
monetary cost and quality of experience. Accordingly, at every time slot
t, we consider a sliding window operation with width N, where the trans-
mission rate R;j, download cost ¢;;, energy consumption y;; over every
interface i at every time slot j € [¢,...,t + N — 1] should be estimated for
the next N time slots. The amount of data to be downloaded over each
interface for the next N time slots will be then updated based on the
dynamic system variations to provide the best balance between mone-
tary cost and energy consumption while meeting desired QoE level. In
Fig. 3, a packet level illustration is presented where MTO is streaming
video data over three wireless interfaces: WiFi, cellular and Bluetooth.
The sliding window considered is N =3 time slots. The solution then
will decide on the number of packets needed to be downloaded for the
next three time slots over the three available interfaces simultaneously
providing minimum energy consumption and monetary cost while meet-
ing target QoE level. The main system parameters are summarized in
Table 1.

4. Price-aware traffic splitting optimization

In this section, we present the user-centric traffic splitting optimiza-
tion problem formulation considering system variables, objective and
constraints. In our work, we aim at finding the amount of data to be
transmitted over every wireless interface minimizing the monetary cost
and energy consumption, while maintaining a target desired level of
user quality of experience.

In our work, we decide on the number of packets D;, to be down-
loaded over every interface i at time slot t. Since our proposed approach
considers future interface performance estimations with a sliding win-
dow of width N time slots, the decision is made on the amount of data to
be transmitted for the next N time slots. Accordingly, the decision vari-
able D is a matrix of size I X N. The traffic splitting problem is subjected
to several constraints in terms of capacity limitations. The problem can
be formulated as follows:

argmin a +(1-a) v (D
D max max
subject to
D;; <G Vi€l .., [LVj€Et,t+ N —1] @
J
> Y Dy > min (€, N;),Vj €t,...t + N = 1] 3)

k

i=1
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e Eq. (1) is the objective function which aims at minimizing the
total monetary cost ® while keeping the energy consumption ¥
low, over the next N time slots. « is a weighting factor, vary-
ing between 0 and 1, indicating the tradeoff between cost and
energy consumption. In our objective function, we used metric
normalization in order to adjust the total monetary cost ® and
the energy consumption ¥ values measured on different scales
(USD and Joules, respectively) to a common scale ranging be-
tween O and 1. @, and ¥, are the maximum cost and energy
that may be consumed, respectively, to download the needed data
over the next N time slots while using all the interfaces simulta-
neously. The minimum energy and monetary cost consumption
is assumed to be 0 when no transmission occurs. The expressions
for @, ... ¥ and ¥, are detailed in the next subsections. The
value of the objective function reflects the performance of the so-
lution in minimizing the monetary cost and energy consumption
compared to the maximum use of all the interfaces simultane-
ously. Its value is dependent on the amount of data requested to
be downloaded, which is constrained by the minimum required
buffering time, the buffering queue size and the link transmis-
sion capacities in (3) to maintain the target quality of experience
while using on demand video streaming. The objective function
value will then range between 0 when no transmission occurs,
and 1 when all the interfaces are used simultaneously.

o The first constraint (2) guarantees that the number of packets to
be transmitted over interface i at every time slot j is less or equal
to the interface packet capacity G, ;, expressed as follows:

G R, ;T

ij= S
P

ij»

@

The second constraint (3) ensures that the requested data packets
should arrive at the user end before a buffer underflow occurs.
For video on demand streaming, synchronized media streams are
played continuously while being downloaded from the applica-
tion server without having to wait for the entire video to be de-
livered. Once the playout phase starts, the player fetches video
frame from the buffer Q; at a constant speed defined by the video
bit rate R,. Accordingly, [RgTs] packets are needed to be played

every time slot of duration 7,. When the service transmission rate
is less than the video bit rate, the playing buffer becomes empty.
In this case, the player pauses, and the user experiences stalling
events. In order to maintain a target user satisfaction and quality
level, we aimed at minimizing the stalling events by satisfying a
minimum buffering time requirement T, which corresponds to
maintaining a buffering queue size greater than D, video data
packets. Hence, the number of data packets to be downloaded
at time slot j should be greater than the number of needed data
packets 9;, estimated based on (5), for j € [t,....,t+ N — 1], de-
pending on the video rate R,, time slot duration Ty, packet size
Sp, data packets buffered Q; and the minimum required buffering
video data packets D,. In case the capacity €; (6) over all the
interfaces I, at time slot j, is less than the required number of data
packets, the device needs to fully utilize all the interfaces capac-
ity simultaneously to guarantee the highest quality experience

possible.
N. =D +(j—t+1)WM]—Q 5)
Jj — Ym Sp t
LR, T
ik " ts
= 5, 6)

k=1 i=1

4.1. Cost minimization

We consider ® the total transmission cost which the user pays to
download data over I interfaces during N time slots. Accordingly, the

Computer Networks 172 (2020) 107169
total cost can be expressed as follows:

1
=Y ¢ )
i=1

where ¢; is the cost spent when using interface i. In general, some in-
terfaces have much higher cost than others, e.g., cellular typically has
notably higher cost than WiFi or D2D over short range links such as
Bluetooth. In our work, we differentiate between two cost models: (1)
usage-based pricing, and (2) tiered pricing [27,28].

4.1.1. Usage-based pricing model

Usage-based pricing charges users in proportion to the amount of
data consumed. In our work, we assume ¢; is the monetary cost per
packet spent at time slot j over interface i. Accordingly, the cost ¢; spent
by interface i using usage-based pricing model over N time slots can be
represented by ¢y ; and expressed as follows:

t+N-1

¢Ul_ Z ¢l/

4.1.2. Tiered pricing model

Tiered pricing charges users a fixed amount of money ©; for a
monthly data capacity B;. The fixed fee covers usage up to the capacity,
after which users may pay I'; USD per extra MByte. The cost ¢; spent
by interface i using tiered pricing model can be represented by ¢r; and
expressed as follows:

ij (8)

t+N-1

2 Dy
j=t
++N-1
+wi, Ty ( 2 D;; - $i,t> + w08y, ®

=

$i = =0—-w;)-0;-

where 6; is the cost spent per packet when downloading over interface i
when data budget is not exceeded and can be computed as follows: 6, =

. A new binary decision variable w; , is then introduced to indicate

whether the user exceeds total budget B over interface i at time slot t.
To accommodate for this pricing model, additional constraints are also
needed:

1+N-1
Y Dy <X-(l-wy) (10)
j=t
t+N-1
Y Diy-B, <X-w, (1)
j=t

where X is a large number. Accordingly, if w; , is equal to 0, constraint
(11) is imposed, and constraint (10) becomes unbounded. In this case,
the downloaded data is below budget and the user is charged by 6;. If
w; ¢ is equal to 1, constraint (11) becomes unbounded, and constraint
(10) will hold. In this case, the data exceeds the remaining budget 3, ,,
therefore, w; , is set to 1 and the user is charged 6; for the remaining
capacity and T for the data exceeding the budget B, ,. The general ex-
pression of the total monetary cost spent by the user when using all the
interfaces I can be expressed as follows:

@:;U,»(

where v; is an input binary variable indicating whether the interface i
charges the user or have zero cost, and y; is an input binary variable
indicating the type of the pricing model whether it is usage-based or
tiered pricing. The maximum cost over N time slots can be computed as
follows:

I 1+N-1

Prnax = Z i Z j i (13)
Ui [’J C J 3
=t

i=1

i by + (=) br,) 12

where

C,‘Aj = u; ~q§,~’j + (1 = y;) - max(6;,T";) (14)
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4.2. Energy minimization

We consider ¥ as the total energy consumed by the mobile device
and its peer devices to receive and transmit data. ¥; represents the en-
ergy consumed by the mobile terminal, denoted as MTO, to receive data
over I interfaces during N time slots. ¥, represents the energy consumed
by peer mobile terminals to download data and forward it to MTO. Ac-
cordingly, ¥ can be expressed as follows:

Y=V +Y, as)
where
t+N-1
D, Sp
W= X R —— (16)
=l j=t i.j

P; represents the power consumed by MTO to receive over interface i.
In case of D2D cooperation, MTO downloads data from a peer MT m,
which can be (1) a content owner (CO), which has the data cached, or
(2) a master device, which downloads data using WiFi or cellular and
forwards it to MTO. In our work, we assume the master device down-
loads data with a rate R} higher than the forward transmission rate R;;
to MTO over interface i. Accordingly, MT m consumes #; to download
and transmit data simultaneously to MTO, and then, after download all
the content, MT m consumes ¢; to transmit data to MTO. In case MT m
is a CO, we consider the power consumed ¢; by MT m to transmit data
to MTO.
I t-+N -1 D...S

¥, = Z(l_yi)'ﬁi'ni'M

= R
t+N-1 1 1

+ 2 h(d-r)-&- D; : <— - _>

Z i i i Z ij Ri,j Rl/

+N-1
D, Sp

+Zﬂi'7i'§i' Z % a7

i=1 j=t )

where g; is an input binary decision variable indicating whether the
interface i is a short range connectivity and used for D2D cooperation.
yi is an input binary decision variable indicating whether the interface
i is a content owner (y; = 1) or a master device (y; = 0). The maximum
energy consumed can be expressed as follows:

I t+N-1

Wnax Z Z P T+Zﬂ, [(=r)-m+7-¢]- T (18)

4.3. Problem linearization

The problem is a mixed-integer non-linear program. The non-
linearity comes from the objective function when tiered cost model is
used. To reduce the complexity of the problem, we transformed it into
a mixed integer linear program.

The tiered cost model ¢1, in (9) can be developed and expressed as
follows:

t+N-1 t+N-1
¢r; =6, Z D;; - (Fz - Z Wi, D
j=t Jj=t
+wi, - (6, -T;) By, 19)

To eliminate the non-linearity, the product of the two variables
(w; *D; ;) can be replaced by a new variable Y;;, on which several con-
straints are imposed. In our case, the first variable w; . is a binary vari-
able, and the second variable D;; is an integer continuous variable rang-
ing between 0 and the max1mum link capacity (R, /Sp ). Additional
constraints are then needed to force Y;; to take the value of the product
of the two variables (w;D; J), as follows

R;;
Y, fw, - — (20)

ij S Wiy
SP
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Y,; <D 21
R,

Y,; 2 D;;— 3 (I —w;,) (22)
P

Y,; >0 (23)

Accordingly, the total cost ® expressed in (12) can be linearized to
@, as follows:

1

D= v (s uy+ (= 1) - brry) 4
i=1
where
t+N-1 t+N-1
1L =0 Z D;; — (T;=6;)- Z Y,
= J=t
+ w, - (6, -T;) By, (25)

The problem can then be formulated as follows:

argmin « +(-a) (26)
D max max
subject to
D;; <G, . Vi,Vj 27
j 1
ZZD,k>mm (S W-),Vj (28)
k=1 i=1
1+N-1
(231.,,— D D,.,,>.(1—,4i).u,. <X (1 - w;),Vi 29)
j=t
+N-1
( D,.‘j—%,.,,>-(1—,4,.)~u <X -w;,. Vi (30)
j=t
R;;
Y Sy, Vi) 3D
Sp
Y, < D, ;. Vi) (32)
R Sy
Y; 2\ Di; - 5 (A =w; ) (1= py) v, Vi, Vj (33)
P
Y, >0,Vi,V (34)

ij =

The problem is then a mixed-integer linear programming (MILP).
The decision variables are (1) matrix D of size IX N where Dl-}}- is an
integer indicating the amount of data packets to be downloaded over
every interface i at time slot j with j = [t,1+ 1,...,1+ N — 1], (2) vector
w of size I where w; , is a binary variable set to 1 when the data down-
loaded exceeds the data budget at time slot t, and (3) matrix Y of size
Ix N used for problem linearization where Y, ; = D, ; - w; ,. The number
of variables is then 27 X N + I. Note that in real cases, for practicality,
accuracy, feasibility and to achieve performance gains, the number of
interfaces used simultaneously by a mobile device and the number of
time slots N considered ahead for rate estimation may be limited. In
order to solve our optimization problem, we used the MILP solver of
MATLAB based on the branch-and-bound method. The maximum exe-
cution time taken to solve the problem with as many as 10 interfaces
and N= 8 is limited to 0.06 s on a 2.4 GHz Quad-Core Intel Core i5,
the fact that makes the proposed solution suitable for applications with
hard time constraints.
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Fig. 4. Toy example illustrating optimal solutions for the proposed cost-energy-QoE tradeoff traffic splitting (TS-CEQ).

4.4. Illustration example

To illustrate an example solution for the optimization problem for-
mulation, we consider a network composed of the user of interest MTO,
cellular base stations, WiFi hotspot, and one peer device MT1 as pre-
sented in Fig. 4. MTO aims at downloading a video with rate R, of
2 Mbps using multiple wireless interfaces simultaneously. We assume
the video data is divided into fixed size packets composed of 1460 Bytes,
and the time slot duration is 1 s, which corresponds to 172 packets
of video data. In our case model, we assume the data buffered Q; is
450 packets, and the minimum required buffered data D, is 516 pack-
ets which corresponds to 3 s of playing video data. The traffic splitting
decision takes into consideration three slots ahead (N = 3). Accordingly,
MTO needs to download at least 238 packets in the first time slot (j = 7)
in order to maintain the minimum desired QoE level by satisfying a min-
imum buffering time requirement 7},, as expressed in (5). In the second
time slot (j =7+ 1), MTO needs to download at least a cumulative of
410 packets (238 packets needed in the first time slot and 172 in the
second). In the third time slot (j = ¢ + 2), MTO needs to download in to-
tal 582 data packets (238 packets needed in the first time slot and 172
in the second and the third). The three interfaces characteristics are pre-
sented in Fig. 4. We assume MTO consumes 1.307, 1.852, and 0.917 W
while receiving data over WiFi, 3G cellular networks, and Bluetooth
when connected to MT1, respectively. When MTO downloads data from
a content owner, the power consumed by the CO to transmit data over
Bluetooth to MTO is considered and is assumed to be 1.405 W. When
MTO downloads data from a master device, we assume the master device
consumes 2.462 W to simultaneously receive data over 3G and transmit
over Bluetooth, and 1.405 W to only transmit data over Bluetooth to
MTO [29-31]. WiFi network follows usage-based cost model, while 3G
cellular network follows tiered-based cost model.

We consider three scenarios: (1) MTO is below cellular budget, and
MT1 is a content owner, (2) MTO is below cellular budget, and MT1

downloads its data from a cellular base station and forwards it to MTO,
and (3) MTO is above cellular budget. In the first scenario, MT1 has the
data cached, accordingly, there is no monetary cost for downloading the
data from MT1 over Bluetooth. Therefore, MTO downloads most of his
data over Bluetooth to reduce the total cost, which is reflected by the op-
timal solution provided in Fig. 4. Using one interface WiFi or Bluetooth
alone does not allow MTO to fully download the desired data which may
lead to stalling events and reduction in quality of experience. Using mul-
tiple wireless interfaces and taking advantage of D2D communication,
the proposed approach was able to download the needed number of
packets while maintaining the minimum quality level, while consuming
0.0016 USD and 5.46 J for one second of video streaming, which leads
to an approximate consumption of 5.76 USD and 19.656 kJ for one hour
of video streaming. Compared to using cellular network alone, the pro-
posed approach was able to provide 82.74% reduction in monetary cost
while consuming 6.58% more energy in one time slot with 1 s duration.
In the second scenario, MT1 is no longer a CO, it downloads the re-
quested data from a cellular base station. Since the cost of WiFi interface
is lower in terms of price and power consumption, MTO favors the use of
the WiFi over cellular link. MTO does not use D2D cooperation since the
system constraints are met without the need to connect to MT1. In this
case, the proposed approach consumes higher cost of 0.0043 USD and
energy of 5.9 J in one second of video streaming, leading to an approx-
imate cost of 15.48 USD and 21.24 kJ for one hour of video streaming.
Compared to the use of cellular network only, the proposed approach
was able to fully download the required data with 53.6% less monetary
cost while consuming 15.1% more energy. In the last scenario, MTO ex-
ceeds the cellular budget while MT1 is still below its budget. In this
case, MTO takes advantage of the WiFi network and D2D cooperation to
reduce the total cost of downloading data while meeting QoE require-
ments. The proposed approach consumes 0.0116 USD and 8.33 J, which
provides 82.75% reduction in monetary cost while consuming 62% more
energy compared to using cellular network alone.
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5. Performance results and analysis

To validate the proposed multi-objective traffic splitting with cost-
energy-QoE tradeoffs (TS-CEQ) approach under realistic conditions, ex-
perimental measurements are used to determine WiFi and cellular key
link parameters, such as effective download rate and energy consumed
per second during data reception. The performance of the proposed TS-
CEQ approach is quantified and analyzed for HetNet resource manage-
ment.

5.1. Performance evaluation

In order to assess the performance effectiveness of the proposed TS-
CEQ traffic splitting approach, we generated results for the following
different strategies:

1. WiFi only (WO): the user downloads data using WiFi link only.

2. Cellular only (CeO): the user downloads data using cellular link
only.

3. Maximum rate network selection (MaxR-NS): the link providing the
higher rate is selected in every time slot.

4. Exponential utility function for network selection based on [9]: the
user selects the link providing higher exponential utility func-
tion considering monetary cost and bandwidth tradeoff (XCB-
NS). We also customized the utility function and considered two
additional cases: exponential utility function for energy consump-
tion and monetary cost tradeoff (XCE-NS), and exponential util-
ity function considering energy consumption, monetary cost, and
QoE tradeoff (XCEQ-NS).

5. Traffic splitting over both links simultaneously (TS-S): the user al-
ways uses both links simultaneously to download data.

6. Traffic splitting with delay-power-QoE balance (TS-PQ) based on
[14]: the user uses one of the following strategies: (1) WiFi alone,
(2) cellular alone, (3) traffic splitting, or (4) no transmission. The
strategy providing higher utility function is selected on a time
slot basis. The utility function is based on a Lyapunov drift-plus-
penalty formulation providing delay, power and QoE tradeoff.

7. Traffic splitting with transmission rate capacity-delay-monetary cost
balance (TS-RDC) based on [15]: the user uses one of the fol-
lowing strategies: (1) WiFi alone, (2) cellular alone, or (3) traffic
splitting. The strategy providing higher utility function is selected
on a time slot basis. The utility function is based on Technique
for Order Preference by Similarity to Ideal Solution (TOPSIS) for
network selection providing transmission rate capacity, delay and
monetary cost tradeoff.

8. Traffic splitting with cost-energy-QoE balance (TS-CEQ): the user
optimally splits the data over multiple interfaces providing a bal-
ance between monetary cost, energy consumption while meet-
ing minimum QoE requirement and taking into consideration the
performance of the network within the next N time slots ahead.

5.2. Simulations setup

We evaluate the performance of our proposed approach using sim-
ulations conducted using MATLAB to stream a video using different
strategies. In the simulator implementation, a mobile device downloads
data for video streaming application, where the video specifications,
such as video size S, duration T, and bit rate R,, are obtained as input
from the server before the start of the video download. The chosen video
has a size of 7 MBytes, a duration of 60 s, a frame rate of 25 fps, and an
arrival rate of 117 kBytes every second. Simulations are conducted for
one hour of video streaming considering 60 runs of 60 s videos.

Synchronized media streams are played continuously while being
downloaded from the application server without having to wait for the
entire video to be delivered. The player fetches video frame from the
buffer Q; at a constant speed defined by the video bit rate R,. If the
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download bit rate is lower than the video arrival rate, the mobile device
is able to download only a fraction of the requested data. The remaining
data that was not downloaded is kept to be downloaded in the next time
slots. In this case, the user experiences stalling events, the player pauses,
the last received frame freezes and is displayed until the data for the next
frame is being downloaded. If the download bit rate is higher than the
video arrival rate, the data is downloaded on time without any delay,
stalls, or freeze frames.

Accordingly, at each time slot of duration 7, =1 s, the proposed ap-
proach makes a decision on the data to be downloaded in the next time
slot taking energy consumption, monetary cost and cellular budget into
consideration while meeting the minimum QoE requirement by satis-
fying a minimum buffering time requirement T,,. The decision is based
on the solution of the TS-CEQ optimization problem formulated in (26)-
(34) for N time slots ahead. Once the data is downloaded, the system
parameters are recorded such as buffer size, downloaded data, effec-
tive transmission rate, energy consumption, QoE parameters including
freeze frames, stalling length and frequency. The process is then re-
peated, statistics are updated every time slot until video data is com-
pletely downloaded.

In order to assess the QoE level, we used Mean Opinion Score (MOS)
values expressed in Eq. (35) derived in our previous work [14] based on
QoE metric presented in Recommendation ITU-T P.1201 (2013) [32].
The level of user satisfaction can be measured by MOS level ranging
between 1 (bad) and 5 (excellent) [33-35]. In our work, the MOS val-
ues are estimated based on a QoE metric that is derived from standards
presented in Recommendation ITU-T P.1201 (2013) considering initial
buffering, and re-buffering events, their frequency and length [32]. The
MOS level derived in our previous work [14] can be expressed as fol-
lows:

A, =a-log(b-IM, +c) 35)

where a, b and c are found to be 0.9377, 128.9 and —427.6, respectively.
9, is the QoE metric presented in [32], and can be expressed as follows:

M, =5 — max(min((Q, + T),4),0) (36)

where Q, and ¥ are the expected degradation caused by stalls and initial
buffering till time t. They are defined as follows:

Q, = max(min(s4 + 51 - exp((sy - L; + s3) X N,),4),0) 37

5= max(min(d; - log(Ty + d5),4),0), ifTy>1-d,
0, otherwise

where T, is the initial loading time in seconds, L, is the averaged stalling
duration in seconds and N, is the number of stalling events excluding ini-
tial buffering. The coefficients s;, 55, 53, 54, d; and d have the following
values —1.72, —0.04, —0.36, 1.66, 0.29 and —3.29, respectively [32].

Our proposed approach is user-centric, performing autonomously,
without any intervention from the network or the server, and without
performing any changes to the cellular/WiFi/ Bluetooth standards. The
proposed approach runs at the user side and adjusts based on what it
receives from the network to provide real-time solutions for data down-
load. The device estimates the download rate in the subsequent time
slots based on the actual rates experienced in the current and the previ-
ous time slots. Accordingly, the problem does not require any resource
allocation since the device makes its decisions based on the actual mea-
sured bit rates of all interfaces.

In our simulations setup, we assume the cellular and WiFi transmis-
sion rates follow the exponential distribution with different mean values
as presented in the results section below. We assume the average power
consumed by a mobile terminal to download data is 0.917 W over Blue-
tooth, 1.307 W over WiFi and 1.852 Watts over 3G cellular network. A
master device consumes 2.462 W to simultaneously receive data over
3G and transmit over Bluetooth to its peer device. However, when the
master device is a content owner and has the data cached, it consumes
1.405 W to transmit data over Bluetooth to its peer device [29,30].
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5.3. Simulations results and analysis considering device-to-device communication and using more than two
interfaces simultaneously for data download.

To compare the performance of the various strategies mentioned
in Section 5.1, we evaluated the total energy consumption, monetary
cost and QoE for one hour of video streaming, with an arrival rate of
117 kBytes every second, considering two case scenarios. In the first case
scenario, we considered only two wireless interfaces, WiFi and cellular
networks. We analyzed the performance of the proposed TS-CEQ under
different system parameters such as the number of time slots N, mini-
mum required buffered video in seconds Ty, and cost weight factor a.
In the second case, we tested the performance of the proposed approach

5.3.1. Results considering two interfaces — WiFi and cellular networks

In the first scenario, the WiFi and cellular transmission rates are
modeled following an exponential distribution with average rate of
150 kBps. To compare the performance of the various approaches pre-
sented in Section 5.1, we quantified the tradeoff between the monetary
cost, the energy consumption and the QoE mean opinion score. We as-
sume «a to be 0.8, giving higher weight to the monetary cost and 7}, to
be 0 with no requirement on minimum video buffered data. The effect
of « and T}, on the performance of the proposed TS-CEQ approach is
presented in Section 5.3.2.
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Fig. 5 presents the tradeoff between total energy consumption
in Joules versus the monetary cost in USD for every approach.
Fig. 6 presents the total energy consumption versus the QoE mean opin-
ion score. In addition, since the aim is to minimize the energy expen-
diture and monetary cost while increasing user quality of experience,
Fig. 7 presents the percentages of performance evaluation for every ap-
proach in terms of energy, cost and QoE compared to the strategies pro-
viding highest energy consumption (TS-S), highest monetary cost (CeO)
and highest QoE MOS (TS-CEQ with N = 5), respectively.

The results show low performance for network selection strategies
including WiFi only, cellular only, maximum rate network selection,
XCB-NS, XCE-NS and XCEQ-NS based on [9] strategies. Using WO, with
cost 0.003x10~3 USD per packet and low receiving power of 1.307 W,
provides low energy consumption and monetary cost at the expense of
quality of experience, which was the lowest with MOS 1.008. Using CeO
provides low QoE with high energy consumption and monetary cost.
XCB-NS provides lower energy and monetary cost compared to MAXR-
NS. This is due to the fact that XCB-NS aims at selecting the network pro-
viding a tradeoff between low cost and high bandwidth or rate, whereas
MAXR-NS selects the network providing only higher transmission rate.
We customized the work in [9] to consider XCE-NS aiming at selecting
the interface providing minimum energy and monetary cost, which leads
to the solution of selecting WiFi only, without taking QoE into consid-

eration. We also customized their work and considered a network selec-
tion approach providing monetary cost-energy-QoE tradeoff. XCEQ-NS
provides higher QoE compared to other network selection approaches
XCE-NS, XCB-NS and MAXR-NS with lower energy consumption while
consuming more monetary cost.

Using one interface for data download is not sufficient to provide the
user with a download rate greater than the arrival rate, which leads to a
low QOoE level. The approaches where traffic splitting is considered pro-
vided better performance in terms of user satisfaction, energy consump-
tion and cost. The user takes advantage of downloading data over dif-
ferent wireless interfaces simultaneously to maintain a high download
rate, which decreases the stalling events, their frequency and length,
hereby, enhances user satisfaction.

The TS-S approach forces the data to be downloaded over both inter-
faces simultaneously, which leads to maximizing the instantaneous data
rate at every time slot without considering energy consumption mini-
mization, nor QoE level maximization. TS-PQ presented in [14] aims at
providing a balance between QoE, energy consumption and delay while
considering one time slot ahead for future prediction. TS-PQ provides
a QoE MOS of 2.47, which is very close to the TS-S approach when us-
ing both links simultaneously, while consuming approximately 40% less
energy, and 13% less monetary cost. This is due to the fact that TS-PQ
may choose to defer transmission or select one of the interfaces, if the
playing buffer is full or the data transmission rate is low, leading to a
lower monetary cost, energy consumption and delay while keeping a
high QoE. The traffic splitting approach TS-RDC proposed in [15] aims
at providing a balance between link capacity, delay and monetary cost.
We consider TS-RDC1 where the weights in the utility function of the
link capacity, delay and monetary cost are 0.2, 0.5, and 0.3, respec-
tively, as presented in [15]. In TS-RDC2, we customize their work and
gave higher weight for minimizing the monetary cost to match our ob-
jective function. TS-RDC1 consumes 26% more energy than TS-PQ, with
very close QoE MOS and monetary cost. This is due to the fact that both
traffic splitting approaches aim at enhancing user satisfaction; TS-RDC1
gives very high weight to delay and link capacity, and TS-PQ maximizes
instantaneous QoE, while also considering energy consumption. Giving
higher weight to monetary cost, TS-RDC2 provides 59% lower mone-
tary cost compared to TS-PQ, at a tradeoff cost in quality of experience
and energy consumption. In order to minimize the cost, TS-RDC2 uses
the WiFi interface more frequently which affects the QoE and leads to a
solution very close to using WiFi alone.

When the proposed approach TS-CEQ considers only one time slot
ahead (N=1), the cost was lower than TS-PQ and TS-S by 12.2% and
23.5%, respectively with lower QoE of 1.17. The energy consumed was
40% lower than TS-S and 30% higher than TS-PQ. This is due to the fact
that TS-PQ aims at minimizing energy and maximizing QoE, whereas
TS-CEQ considers mainly minimizing the monetary cost and energy con-
sumption while maintaining a minimum QoE bound. Considering the
network performance for multiple time slots ahead enhanced the pro-
posed approach performance. When N = 3 time slots ahead were consid-
ered for rate estimation, TS-CEQ consumed 40.8% less cost, 9.2% less
energy while providing 10% better quality of experience when com-
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pared to TS-PQ. TS-CEQ with N =5 outperformed all other algorithms,
while providing an excellent QoE of 5, with more than 57% reduction in
energy consumption compared to TS-S and 76.6% (3.62 USD) reduction
in monetary cost compared to CeO. Compared to TS-PQ, TS-CEQ with
N =5 provides 54.63% (1.32 USD) reduction in monetary cost, 29.34%
reduction in energy consumption, and 50.5% increase in user satisfac-
tion. Increasing the considered number of time slots N ahead for future
prediction increases the system performance in terms of cost, energy and
QoE since the optimal decision will have a clearer futuristic vision of the
channel estimation for a higher number of time slots. Accordingly, the
TS-CEQ proposed approach may defer transmission at a time slot t to a
future time slot j with j = [t,7 + 1,...,t + N — 1], where the transmission
rate is higher, leading to a lower delay and energy consumption while
maintaining QoE level and guaranteeing the minimum number of data
packets buffered.

5.3.2. Study on the TS-CEQ system parameters — N, « and T,

In this section, we evaluate the performance of the proposed TS-CEQ
approach while varying system parameters such as the number N of time
slots considered for future prediction, the weighting factor « and the re-
quired minimum time for video data buffering T,,. We assume the net-
work is composed of WiFi and cellular networks, and the transmission
rates are modeled following an exponential distribution with average
rate of 110 kBps considering video streaming for one hour. Fig. 8 shows
the monetary cost in USD, the energy consumption in Joules and the
QoE mean opinion score provided by the TS-CEQ approach for N=3, 4
and 5, while varying T, from O to 3 s. In this case, a is fixed to 0.8
to give higher weight to the monetary cost with respect to energy con-
sumption. Results prove that considering higher number of time slots N
ahead for future prediction increases the system performance in terms
of cost, energy and QoE. Considering larger number of N allows to take
advantage of the estimation of the channel performance for more time
slots ahead. This will allow the proposed approach to defer transmis-

sion at a specific time slot to benefit from a better link performance at
later time slots, leading to a lower delay and energy consumption while
maintaining QoE level. For instance, considering N=>5 instead of 3 was
able to reduce the cost and the energy by more than 6.7% and 11.5%, re-
spectively, while providing higher quality of experience reaching MOS
of 5 (double the QoE when N=3) when T,,=2 s. On the other hand,
increasing T, provides slightly lower monetary cost and energy con-
sumption while providing higher level of QoE. Increasing the minimum
buffered time of video streaming T, requirement prevented the buffer
queue to go below D, and consequently prevented stalling events. As
shown in Fig. 8, increasing T, has major impact on QoE which increases
from 1 (poor quality) to 5 (excellent quality) when T, is greater than
2s.

Fig. 9 shows the monetary cost in USD and the energy consumption
in Joules provided by the TS-CEQ approach for «=0.2, 0.5 and 0.8, while
varying N from 1 to 10. In this case, T, is fixed to 0. « is a weighting
factor indicating the tradeoff between cost and energy consumption; i.e.
increasing « gives higher impact to reducing the monetary cost instead
of energy consumption. The results in Fig. 9 show that increasing « from
0.2 to 0.8 is able to reduce the download cost while increasing the en-
ergy consumption which is align with our proposed objective function.

5.3.3. Study on the TS-CEQ performance with limited cellular budget

Figs. 10 and 11 compare the performance of the TS-CEQ approach
with/without limited cellular budget. In this scenario, we consider a
limited cellular budget of 50MB, with 8, = 0.016 x 1073 USD/packet (if
below the budget) and I', = 0.116 x 10~ USD/packet (if above the bud-
get). We assume the WiFi and cellular transmission rates are modeled
following an exponential distribution with average rate of 150 kBps for
one hour video streaming.

The TS-CEQ approach is able to provide the same QoE level while
consuming more energy and monetary cost for N = 3. Due to the limita-
tion in the cellular data budget, the mobile is encouraged to use the WiFi
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Fig. 12. TS-CEQ performance in terms of mon-
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network more often even with low WiFi rates to satisfy the minimum
QoE requirement. In addition, the cost of data packet is higher when the
user is above cellular data budget. This leads to higher energy and cost
consumption in order to maintain the minimum user satisfaction level.
For N =5, the TS-CEQ approach was able to overcome the budget limi-
tation by providing similar performance and keeping the monetary cost
low. The WiFi and cellular interfaces were used intelligently in order to

conserve the budget and use the WiFi interface more often while satis-
fying the minimum QoE level requirement.

5.3.4. Study on the TS-CEQ performance with different cellular average
rates

In the previous scenarios, we used symmetrical rates for both WiFi
and cellular links. To show the performance of more realistic scenarios,
we compared the performance of asymmetrical WiFi and cellular trans-
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Fig. 13. TS-CEQ performance in terms of mon-
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mission rates considering video streaming for one hour duration. In our
simulations, the WiFi transmission rate follows an exponential distribu-
tion with average of 200 kBps. The cellular rate follows the exponential
distribution with average transmission rate R, varying from 200 kBps
to 1.2 MBps. We assume « and T}, are set to 0.8 and 0, respectively.
Fig. 12 (a)-(c) evaluate the performance of the different approaches
in terms of monetary cost, energy consumption and QoE MOS, respec-
tively. The results in Fig. 12(a) show that by increasing R, the mone-
tary cost slightly increases since the approaches tend to use the cellu-
lar interface more often to take advantage of the higher rate compared
to WiFi and achieve performance gains in terms of transmission time,
energy consumption and QoE. In Fig. 12(b), we evaluate the transmis-

sion energy consumption consumed by the mobile device to download
the data over every interface. When R, increases, the transmission time
decreases. Accordingly, the energy consumption decreases with the in-
crease of the average cellular rate. As presented in Fig. 12(c), increasing
the average transmission cellular rate provides higher QoE. The inter-
faces data capacity satisfied the video arrival rate and needed number of
packets which reduced the stalling events, their frequency and length,
and hereby, increasing the user satisfaction. The proposed approach TS-
CEQ was able to provide a maximum QOoE level of 5. Using WiFi only
provided a MOS of 1 with an average rate of 200 kBps, while using cel-
lular alone, the QoE MOS values increased to reach 2.77 at an average
rate of 1.2 MBps.
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5.3.5. Results considering multiple wireless interfaces — WiFi and cellular
networks with D2D cooperation

In order to assess the performance of the use of multiple wireless in-
terfaces simultaneously, we considered the co-existence of the cellular
network with multiple WiFi-hotspots, content owners mobile devices,
and multiple cooperative devices. In this scenario, we assume the trans-
mission rate for every interface follows the exponential distribution with
a low rate of 40 kBps. We evaluated the monetary cost, energy consump-
tion, and QoE for 1 min of video streaming while varying the number of
interfaces. Fig. 13 shows the performance of 6 different data transmis-
sion scenarios with different number of interfaces as follows: (1) I =2
(W,C) where two interfaces WiFi and cellular are available to the user,
(2) I =3 (2W,C) with three interfaces two WiFi hotspots and cellular
network, (3) I =4 (2W,C,CO) with two WiFi hotspots, cellular network
and a content owner, (4) I =5 (2W,C,CO,M), (5) I = 6 (2W,C, CO,2M)
and (6) I =7 (2W,C,CO,3M) with five, six and seven available inter-
faces including two WiFi hotspots, cellular network, a content owner,
and one, two and three cooperative mobile devices, respectively, con-
nected to a WiFi hotspot charged with 0.003 x 10~ USD/packet each.
The results show that increasing the number of interfaces was able to
enhance system performance in terms of increasing QoE while reducing
monetary cost and energy consumption.

The existence of higher number of interfaces allows the mobile termi-
nal to achieve higher rate while downloading data over multiple wire-
less interfaces simultaneously. This has high impact on reducing the
transmission time and delay while avoiding data buffer underflow and
stalling events. The quality of experience increased from 1 (poor) when
WiFi and cellular interfaces are used to 5 (excellent) when 5 interfaces
are used. In our work, we consider the energy consumed for transmission
by the mobile devices for data download. The reduction in energy con-
sumption is due to the reduction of the interfaces utilization and trans-
mission time, in addition to the use of D2D communication. To down-
load the same video, using seven interfaces simultaneously including
D2D cooperation provided 47.52% reduction in energy consumption,
87.91% reduction in monetary cost while achieving an excellent QoE
level of 5, compared to the use of WiFi and cellular interfaces.

5.4. Simulations results outcome

The proposed TS-CEQ approach provides dynamic optimal solutions
aiming at minimizing the energy consumption and monetary cost, while
ensuring high QoE by avoiding buffer underflow and stalling events. The
latter is achieved by simultaneously utilizing the multiple wireless inter-
faces available at the mobile terminal. Using bit rate estimation for the
subsequent N time slots allowed TS-CEQ to outperform other network
selection and traffic splitting approaches. TS-CEQ with N = 5 even with
limited cellular budget was able to provide an excellent QoE of 5, with
more than 57% and 29.34% reduction in energy consumption compared
to TS-S and TS-PQ, respectively, and more than 76.6% (3.62 USD) and
54.63% (1.32 USD) reduction in monetary cost compared to CeO and
TS-PQ, respectively. The user may achieve excellent quality level even
with very low transmission rates using five interfaces, in addition to
lower transmission energy consumption and monetary cost.

6. Conclusions

This paper addressed user-centric real-time traffic splitting in D2D
cooperative heterogeneous networks where a mobile can take advan-
tage of multiple wireless interfaces simultaneously to reduce energy
consumption, delay, monetary cost while maintaining a minimum qual-
ity of experience level. We formulated the problem as a multi-objective
optimization problem with cost-energy- QoE tradeoffs. We considered
different cost modeled and allowed futuristic time slot rate estimation.
Results demonstrate significant performance gains compared to conven-
tional networks with an excellent QoE of 5 with more than 57% reduc-

Computer Networks 172 (2020) 107169

tion in energy consumption and 76% reduction in monetary cost, with
very low solving time.
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